Eu 3+ doped NaLi2PO4 sample synthesized via high temperature solid-state reaction exhibits the intense red emission under excitation to wavelength 318 nm light. In the photoluminescence (PL) emission spectra shown usual five emission peaks centered at around 580, 593, 618, 653, and 702 nm corresponding to the allowed transitions 5 D0→ 7 FJ (J = 0, 1, 2, 3, and 4) of Eu 3+ ion. The most prominent peaks were observed at 653 and 702 nm which increased the chromaticity quality followed dark red color with chromaticity coordinate (0.6298, 0.3589) and correlated color temperature (CCT) 1106 K. On exposing to γ-radiation, the red emission of Eu 3+ doped NaLi2PO4 phosphor diminished due to the reduction of Eu 3+ to Eu 2+ ions. The reduction of Eu 3+ → Eu 2+ was examined from the emission spectra of irradiated Eu 3+ doped NaLi2PO4 sample. Tuning the red emission of Eu 3+ doped NaLi2PO4 was observed and calculated the CIE (Commission Internationale de L'Eclairage) chromatic coordinates (chromatic coordinate (x, y), Correlated Color Temperature (CCT) and Duv etc.).
Introduction
In the present era all kinds of lamp and display (incandesce lamp, tube light, CFL and CRT etc) devices are being replaced by Light Lmitting Diode (LEDs). Commercial LEDs in all colors are available in market, amongst all, intrest in White Light Emitting Diode (WLED) has increased due to enormous advantages like long life time, high rendering index, high luminosity efficiency, and a concurrent reduction in environment pollution over the incandescent and fluorescent lamps ( Lin & Liu 2011 , Zang et al., 2012 . The first commercial white LEDs has been produced by the combination of blue LED with cerium doped yettrium aluminum garnet (YAG:Ce) phosphor.
However, this approach suffered some drawback such as thermal quenching, poor rendering index and narrow visible range (Chang et al., 2010 , Bandi et al., 2011 . After which, much attention was focused on the research on the generation of WLEDs by the combination of red, green and blue phosphors with UV or near-UV (365-410 nm) chip. This approach yields a proper balanced for white spectrum than the traditional blue emitter chip + yellow phosphor LED. Such a balance of individual red, green and blue color combination to developed white light was very complicated job. Since then, New efforts are being made in order to develop new single phosphors that emit all components required for white LEDs. Eu 3+ , rare earth dopant extensively used for the red luminous emitting-center in the different kind of host materials for their unique optical properties as it emits monochromatic light has a longer lifetime and higher luminescence efficiency etc. (Wu et al., 2003 , Park et al., 2003 , Zang et al., 2002 , Liu et al., 2004 . Orthophosphate, Oxide glasses, phosphate and fluorophosphates doped with Eu 3+ ions have been extensively investigated as a red phosphor (Jang & Jeon 2007 , Mlasse & Grabmaier 1994 , Surendra et al., 2007 , Shinde et al. 2011 , Deva & Madhukar 2012 , Babu 2007 . Abnormal reduction of both Eu 3+ and Eu 2+ has been found in some phosphor glasses and films during melting or preparation under reduced atmosphere (Hao & Gao 2004 , Hao et al., 2003 , Peng et al., 2003 , Xia et al., 2002 . Reduction of Eu 3+ into Eu 2+ in air has been reported in Eu doped Al2O3-SiO2 glasses (Nogami et al., 2001 ), MO-B2O3 glasses (M = Ba, Sr, and Ca) (Wang et al., 2007) . Such type of abnormal reduction was observed only in a special compound with rigid three-dimensional (3-D) enclosed crystal structures, with tetrahedral groups such as tetrahedral BO4, SiO4, AlO4, or PO4 groups. Annealing at high temperature in reducing and non-reducing atmosphere reduces Eu 3+ to Eu 2+ but it is difficult to control. Radiation induced reduction of Eu 3+ to Eu 2+ is also possible because of Eu 3+ an active photo excited electron trap center (Yokota 1967) . Femtosecond laser can also produce free electrons in the host matrix to reduce Eu 3+ to Eu 2+ (Yokota 1967 , Arbuzoy et al., 1987 , Ishida & Takamuku 1988 , Qiu et al., 1999 , You & Nogami 2005 . This depicts that ionizing radiation (α, β, γ, X-Ray, UV and laser etc.) can play an important role to controlled ionic species (3 + /2 + ) by reduction of rare earth ions. Color rendering index (CRI) of the emitting light changed due to the vary the ratio of Eu 3+ /Eu 2+ ions. The concentration of color centers and ionic state of rare earth ions ( Eu 3+ / Eu 2+ ) in the host matrix also can be controlled using irradiation technique.
Eu 3+ ions are present dominantly in the matrix of NaLi2PO4 synthesized by solid state reaction heating at 1073 K in air. The monochromatic red emission with good color rendering index (CRI) attributed to the allowed electronic transition 5 D0 → 7 FJ (J = 0, 1, 2, 3, and 4) (Sahare & Singh 2014 ). The present work focused on a novel mixed-valence (Eu 3+ /Eu 2+ ) doped NaLi2PO4 phosphor material in which, luminescence center (Eu 2+ /Eu 3+ ) ratio can be controlled by the radiation dose of γ-ray. This abnormal reduction of Eu 3+ to Eu 2+ can be used for the tuning of emitted color of phosphor material.
Materials and Method
Eu 3+ doped NaLi2PO4 samples ware synthesized through a conventional solid state diffusion method by taking the starting materials LiOH (99.5%), NaH2PO4 (99.9% ) and the impurity salt EuCl3.6H2O (99.5%) (Sahare et al., 2013) . Mixture of precursors and impurity salt were taken in stoichiometric ratio and mixed using mortar pestlel in the presence of EtOH for better mixing. The homogeneous mixture sintered in an alumina crucible at initially 400 o C and then 800 o C temperature for 12 hours. The Powder X-Ray Diffraction (PXRD) patterns were recorded using a high-resolution D8 Discover Bruker X-ray Diffractometer, equipped with a point detector (scintillation counter), employing monochromatized Cu Kα1 radiation obtained through a gobel mirror with a scan rate of 1.0 s/step and step size of 0.02 at room temperature. The SEM micrograph of the sample was recorded on a Hitachi S-3700 M microscope. The conventional excitation and emission spectra of the powder samples were recorded using Horiba Jobin Yvon Fluorolog modular spectrofluorimeter at room temperature using a xenon lamp as continuous source.
Result and Discussion

Crystal Structure and morphology
Phase formation of synthesized material was confirmed by PXRD. The PXRD pattern of the NaLi2PO4:Eu 3+ powder is shown in Fig. 1 . The peaks present in the diffraction pattern of synthesized material were indexed and match with data of NaLi2PO4 available in the literature (i.e., JCPDS file # 80-2110). All the diffraction peaks well matched to the standard data and no additional peaks were observed related to the precursors or impurity phase. However, the additional phase (Eu2O3) attributed to impurity appeared when impurity level exceeds from 2.0 mol% (Sahare & Singh 2014) . Therefore it is confirmed that the material has a single phase (Nalipoite) having an orthorhombic crystal structure and space group Pmnb(62) (Chao & Ercit 1991) . Average crystalline size of the synthesed material was calculated to be 52.01 nm using Scherer equation, D  K /.cos , where D is the crystallite size, λ (nm) is radiation of wavelength, β is full width at half maximum of peaks and K is a constant related to crystallite shape, normally taken as 0.9.
A typical SEM image shows the morphology of synthesized material. Irregular particle shapes and sizes were observed in the range of 0.5-5.0 μm which could be clearly seen in Fig. 2 . The wide range distribution of particle size is observed since the material synthesized by solid state diffusion method.
Photoluminescence of Eu 2+ /Eu 3+ Emission Centers
The emission and excitation spectra of as prepared sample Eu 3+ (2.0 mol %) doped NaLi2PO4 recorded at room temperature are shown in Fig. 3 . Excitation spectra of the multisite structure Eu 3+ in Li2NaPO4 crystals was monitored at characteristic emission 702 nm. The f-f transition lines of Eu 3+ ions centered at 318, 361, 376, 381, 393, 464, and 524 nm were assigned to the direct absorption band of Eu 3+ ions from the ground state 7 F0 to the excited state 5 H4, 5 D4, 5 G3, 2, 5 L6, 5 D2, and 5 D1 respectively (Sahare & Singh 2014) . However, all the absorbance bands were assigned on their usual position with considerable shift (Liu & Chen 2007) .
Fig. 2. SEM micrograph of NaLi2PO4:Eu 3+
The emission spectra of NaLi2PO4:Eu 3+ consist of five characteristics emission peaks centers at around 580, 593, 619, 653, and 702 nm corresponding to the allowed transition 5 D0→ 7 FJ (J = 0, 1, 2, 3, and 4) as shown in Fig. 3 . Among these 5 D0→ 7 FJ transitions, the selection rules make the 5 D0→ 7 F4 transition of particular interest. It is very interesting that the electric-dipole allowed 5 D0→ 7 F4 transition sensitive to the surrounding environment of Eu 3+ ions in crystal system, while the intensity of the magnetic-dipole allowed 5 D0→ 7 F1 and 5 D0→ 7 F3 transitions hardly varies. The emission attributed to Eu 2+ ions not observed in the emission spectra of as obtained sample. It is very interesting that there was no remarkable change observed in the emission spectra of NaLi2PO4:Eu 3+ on annealing the sample up to 700 C in the air. It means that the reduction of preexisting Eu ions not take place during annealing at high temperature. Therefore the synthesized phosphor exhibits stable luminescence even at elevated temperature as shown in Fig. 4 . Eu 3+ doped samples were irradiated at different doses of γ-rays from a source of 137 Cs at room temperature. Emission spectra of irradiated sample excited at UV light (318 nm) is shown in Fig. 5 . A broad band centered at around 445 nm attribute to the Eu 2+ ions through the electronic transition 4f 6 5d--4f 7 has grown. On increasing irradiation dose from 0.5 Gy to 1 kGy the emission attributed to Eu 2+ increased while the emission attributed to Eu 3+ decreased resulting the content of blue emission increased and red emission decreased in inclusive emission spectra. This demonstrates that γ-rays are responsible to develop some new color centers in the forbidden gap of the phosphor. The possible mechanism for such a type abnormal reduction of Eu ions is an electron released from the tetrahedral structure of PO4 upon irradiation to γ-rays. The released electron captured by Eu 3+ ion because of Eu 3+ an active photo excited electron trap center (Yokota 1967) . The reduction processes of Eu 3+ to Eu 2+ can explain by the reaction as given below:
(2) Fig. 3 . Excitation and emission spectra of Eu 3+ (2.0 mol%) doped NaLi2PO4 powder sample Hence radiation induced color centers (bleaching) can be accumulated as desire into the forbidden gap of phosphor by controlling the delivered radiation dose. Intensity of color component can be controlled by compensation within the different type of color centers. Fig. 4 . Emission spectra of NaLi2PO4: Eu 3+ at excitation on 318 nm at different elevated temperature. CCT is an important characteristic parameter for evaluating the visible light emitted from a phosphor which is a specification of the color appearance of the light compare to an ideal black-body radiator reference source at a particular temperature. The color co-ordinates (x, y), (u΄, v΄) and CCT of NaLi2PO4: Eu 3+ (2.0 mol %) phosphor irradiated at different dose (0.5, 10, 100 and 1 kGy) are tabulated in Table 1 . It is observed that chromatic coordinates (x, y) shift towards white color from red color with increasing radiation dose as shown in chromatic color space diagram in Fig. 6 . The particular color co-ordinate can be achieved from rare earth (RE) doped phosphor using this convenient technique. In summary, WLEDs can be prepared with single emitting phosphor by compensating the color components using radiation dose. 
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